Germline heterozygous PTEN mutations cause subsets of Cowden syndrome (CS) and Bannayan-Riley-Ruvalcaba syndrome (BRRS); these subsets are characterized by high risks of breast, thyroid, and other cancers and, in one subset, autism spectrum disorder (ASD). Up to 10% of individuals with PTEN MUT CS, CS-like syndrome, or BRRS have germline SDHx (succinate dehydrogenase, mitochondrial complex II) variants, which modify cancer risk. PTEN contributes to metabolic reprogramming; this is a well-established role in a cancer context. Relatedly, SDH sits at the crossroad of the electron transport chain and tricarboxylic acid (TCA) cycle, two central bioenergetic pathways. Intriguingly, PTEN MUT and SDH MUT individuals have reduced SDH catalytic activity, resulting in succinate accumulation; this indicates a common genotype-independent biochemical alteration. Here, we conducted a TCA targeted metabolomics study on 511 individuals with CS, CS-like syndrome, or BRRS with various genotypes (PTEN or SDHx, mutant or wild type [WT]) and phenotypes (cancer or ASD) and a series of 187 population controls. We found consistent TCA cycle metabolite alterations in cases with various genotypes and phenotypes compared to controls, and we found unique correlations of individual metabolites with particular genotype-phenotype combinations. Notably, increased isocitrate (p ¼ 1.2 3 10 À3 ), but reduced citrate (p ¼ 5.0 3 10 À4 ), were found to be associated with breast cancer in individuals with PTEN MUT /SDHx WT . Conversely, increased lactate was associated with neurodevelopmental disorders regardless of genotype (p ¼ 9.7 3 10 À3 ); this finding was replicated in an independent validation series (n ¼ 171) enriched for idiopathic ASD (PTEN WT , p ¼ 5.6 3 10 À4 ). Importantly, we identified fumarate (p ¼ 1.9 3 10 À2 ) as a pertinent metabolite, distinguishing individuals who develop ASD from those who develop cancer. Our observations suggest that TCA cycle metabolite alterations are germane to the pathobiology of PTEN-related CS and BRRS, as well as genotype-independent ASD, with implications for potential biomarker and/or therapeutic value.
Cowden syndrome (CS [MIM: 158350]) and Bannayan-Riley-Ruvalcaba syndrome (BRRS [MIM: 153480]) represent two well-defined PTEN-related overgrowth disorders. CS is a multisystem autosomal dominant disorder characterized by elevated lifetime risks for both benign and malignant tumors of the breast and thyroid, as well as neurodevelopmental disorders such as autism spectrum disorder (ASD). [1] [2] [3] CS is difficult to clinically recognize due to the extensive degree of phenotypic variability and the existence of individual features which mimic normal variation or other disorders. 4 BRRS is a rare autosomal dominant congenital disorder classically characterized by macrocephaly in combination with intestinal hamartomatous polyposis, vascular malformations, lipomas, hemangiomas, and genital freckling. 5 Similar to CS, individuals with BRRS can present with a spectrum of mild to severe phenotypic manifestations, including neurodevelopmental delays. 6 The tumor suppressor gene phosphatase and tensin homolog (PTEN [MIM: 601728]), which encodes a dual-specificity phosphatase which classically counteracts the PI3K/ AKT/mTOR growth-promoting cascade, is the first CS and BRRS susceptibility gene. 7 Germline PTEN mutations occur in $25% of CS/CS-like individuals who meet International Cowden Consortium (ICC) operational diagnostic criteria (Table S1) 8 and in up to $60% of BRRS cases. 9 More recent studies have shown that up to 20% of individuals with ASD and macrocephaly have germline PTEN mutations. 3, [10] [11] [12] In the PTEN wild type (WT) subset of CS/CS-like individuals (who meet full diagnostic criteria minus one), $10% harbor germline heterozygous variants in genes encoding three of the four subunits of succinate dehydrogenase or mitochondrial complex II (SDHB [MIM: 185470], SDHC [MIM: 602413], and SDHD [MIM: 602690]; collectively referred to as SDHx). 13 Mitochondrial complex II lies at the crossroads between the electron transport chain and the tricarboxylic acid (TCA or Krebs) cycle, catalyzing the oxidation of succinate to fumarate. Individuals harboring SDHx variants show an increased risk of breast cancer and papillary thyroid cancer that surpasses the risk mediated by mutant PTEN alone. 14 Functional studies show that SDHx variants result in ROS-mediated stabilization of HIF-1a, destabilization and decreased protein levels of p53 due to defective interaction with NQO1, and resistance to apoptosis. 14 Indeed , mitochondrial dysfunction is not an unusual suspect at the crux of metabolic perturbations which lead to tumorigenesis. [15] [16] [17] Biochemical screening of organic acids identified elevated plasma succinate levels in a pilot series of 55 CS/ CS-like individuals with PTEN, SDHB, and SDHD mutations compared to controls. 16 Mutations in SDHB and SDHD make sense in terms of succinate accumulation due to mitochondrial complex II dysfunction. However, the finding of succinate accumulation in PTEN mutation positive (SDHx WT) individuals intriguingly suggests a common biochemical perturbation in CS/CS-like individuals independent of genotype. A subsequent biochemical analysis of urine and plasma organic acids and amino acids in another pilot series of 69 individuals with ASD, with or without macrocephaly and in the presence or absence of germline PTEN mutations, did not reveal genotype-or phenotype-driven associations with metabolite levels. 18 However, the lack of elevated succinate levels in the ASD cases compared to the original series of CS/CS-like individuals without ASD reflects potential differences in metabolite signatures in a phenotype-dependent manner, and that may have been missed due to the limited sample size in each of the two pilot series. Thus, our current study sought to identify common and distinct TCA cycle metabolite alterations in an expanded prospective series of CS, CS-like, and BRRS individuals to ascertain genotype-and/or phenotype-dependent metabolic signatures.
Five hundred eleven eligible CS, CS-like and BRRS individuals were identified based on genotypic and phenotypic characteristics ( Table 1 ) and in accordance with our research protocol 8458-PTEN, approved by the Cleveland Clinic Institutional Review Board. Both females (68.5%) and males (31.5%) were represented, and the median age at consent was 45 years (range 1-89). The Cleveland Clinic (CC) score, roughly an estimate of age-related disease burden, 8 ranged from 0 to 69 (median 13), corroborating the broad spectrum of phenotypic burden and PTEN germline mutation status. Of 511 research participants, 309 (60.5%) harbored germline pathogenic PTEN mutations, 79 (15.5%) harbored germline SDHx mutations or variants, and 112 (21.9%) met clinical diagnostic criteria but were WT for both PTEN and SDHx. Neurodevelopmental disorders and solid tumors were the two predominant clinical phenotypic features. Among all cases, 111 (21.7%) had neurodevelopmental features, chief of which were ASD and developmental delays (DD). Of these 111, the median age at consent was 7 years (range 1-62). A total of 285 (55.8%) individuals had a cancer diagnosis, with 145 (50.9%) of those having second malignant primary neoplasms (SMNs). In the remaining 124 cases without cancer and without ASD or DD, the median age at consent was 39 years (range 1-74). We also identified 98 population controls (median age 37; range 2-76) who were WT for PTEN and SDHx (Table S2 ).
We first sought to investigate whether TCA metabolite levels ( Figure S1 ) are altered in CS/CS-like and BRRS cases compared to population controls, while taking PTEN/ SDHx mutation status, age, and gender into consideration. Immortalized lymphoblastoid cell lines (LBLs) from case and control peripheral blood samples (n ¼ 780) were generated following standard procedures and then cultured in vitro for metabolic profiling (see Supplemental Material and Methods in Supplemental Data). Extracted metabolites were measured through the use of liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis. Sample measurements were obtained in five Figure S1 ). To look for correlations between genotypic and/or phenotypic features and metabolite levels, we applied linear regression models controlling for age and gender (see Supplemental Material and Methods in Supplemental Data). First, we looked for metabolite associations with phenotype, irrespective of genotype status. As such, we found that increased citrate (p ¼ 2.9 3 10 À3 ) and lactate (p ¼ 6.1 3 10 À4 ) but decreased isocitrate (p ¼ 3.0 3 10 À5 ) and succinate (p ¼ 2.8x10 À3 ) levels were associated with CS/ CS-like or BRRS compared to controls ( Figure 1A-1E ). Moreover, increased citrate (p ¼ 6.8x10 À4 ) but decreased isocitrate (p ¼ 1.9x10 À3 ) levels were correlated with having a cancer diagnosis (any malignancy) relative to controls. These observations, compared to controls, remained consistent for individuals diagnosed with thyroid cancer (increased citrate, p ¼ 1.9 3 10 À3 ; decreased isocitrate, p ¼ 7.2 3 10 À3 ), but not for those diagnosed with breast cancer. We focus our analyses on breast and thyroid cancers because they are the most prevalent component malignancies reported in PTEN mutation positive CS. 19 Considering the subset of individuals with ASD/DD (Table 1) , we observed similar correlation patterns, i.e., increased citrate (p ¼ 4.6 3 10 À2 ) and lactate (p ¼ 9.7 3 10 À3 ), along with decreased isocitrate (p ¼ 3.2 3 10 À2 ) and succinate (p ¼ 1.3 3 10 À2 ); but we additionally noted the distinct association of those with ASD/DD with decreased fumarate (p ¼ 7.2 3 10 À3 ). These data indicate that TCA cycle metabolite alterations show a clear and consistent pattern in CS/CS-like and BRRS cases with various phenotypic features compared to controls.
Second, we sought to determine whether TCA cycle metabolite levels may be influenced by underlying genotype status. We first compared metabolites from individuals with germline PTEN mutations (WT for SDHx, PTEN MUT /SDH WT ) to metabolites from controls (WT for both PTEN and SDHx). Our analysis showed germline PTEN mutation as a genetic feature associated with increased 2-hydroxyglutarate (p ¼ 2.4x10 À2 ), citrate (p ¼ 1.8x10 À3 ), and lactate (p ¼ 7.2x10 À3 ), but decreased isocitrate (p ¼ 5.0 3 10 À4 ) and succinate (p ¼ 4.3 3 10 À3 ) Figure 1 . Alteration of TCA Cycle Metabolites in CS, CS-like syndrome, or BRRS Cases Compared to Population Controls A general logistic regression model was applied to evaluate the association between metabolite levels and genotype and/or phenotype, with age and gender as covariates. Heatmaps (A and F) depict TCA cycle metabolites (top label) and significance of associations relative to various phenotypic or genotypic group comparisons (left label). Blue color corresponds to an association with decreased metabolite levels, whereas orange color corresponds to an association with increased metabolite levels. Color intensity corresponds to different thresholds of p value significance (scale on the right). (A) Heatmap depicting the association between TCA cycle metabolite levels and phenotypes, irrespective of genotype status, compared to population controls. (B-E) Stratified gender depiction of increased citrate and lactate, but decreased isocitrate and succinate in all CS, CS-like syndrome, or BRRS cases (n ¼ 511) compared to population controls (n ¼ 98). Metabolite levels were log-transformed and center-scaled to have a mean of 0 and a standard deviation of 1. The line in the middle of each scatter plot is plotted at the mean. Error bars represent the 95% confidence intervals. (F) Heatmap depicting the association between TCA cycle metabolite levels and genotypes, irrespective of phenotype status. The first three rows represent comparisons between individuals of different genotypes and population controls. The last two rows represent comparisons between individuals of various genotypes.
( Figure 1F ). Relatedly, increased citrate (p ¼ 1.9 3 10 À2 ) but reduced fumarate (p ¼ 4.4 3 10 À2 ) and isocitrate (p ¼ 1.9 3 10 À2 ) were associated with germline SDHx variants (WT PTEN, PTEN WT /SDH MUT ) compared to controls. Interestingly, CS/CS-like and BRRS individuals who are WT for both PTEN and SDHx (PTEN WT /SDH WT ) only showed weak association with increased lactate levels (p ¼ 1.3 3 10 À2 ). To elucidate whether these differences are indeed genotype-dependent (versus linked to the presence of a disease state in cases relative to controls), we compared TCA metabolite levels between mutant and WT individuals. Relative to WT CS, CS-like syndrome, or BRRS cases (PTEN WT /SDH WT ), increased 2-hydroxyglutarate (p ¼ 1.4 3 10 À2 ), citrate (p ¼ 2.5 3 10 À4 ), and lactate (p ¼ 1.1 3 10 À2 ) but reduced malate (p ¼ 6.0 3 10 À4 ) and succinate (p ¼ 4.3 3 10 À3 ) were associated with the PTEN MUT /SDH WT genotypic feature. However, only increased malate (p ¼ 3.8 3 10 À2 ) was associated with the PTEN WT /SDH MUT genotype compared to PTEN WT /SDH WT cases. Interestingly, increased 2-hydroxyglutarate and decreased malate were distinctive metabolites in PTEN MUT /SDH WT compared to WT individuals. So far, these genotype-level analyses suggest that PTEN and SDHx are strong predictive genetic features for TCA metabolite levels in cases versus controls ( Figure 1F ).
Because genotype is the dominant risk factor contributing to the metabolite differences of cases versus controls, we performed stratified analyses to tease out whether specific metabolites are associated with specific phenotypic features within defined genotypic subgroups. Within the PTEN MUT /SDH WT subset of individuals, we found increased levels of fumarate (p ¼ 3.0 3 10 À2 ) and isocitrate (p ¼ 1.2 3 10 À3 ) but reduced citrate (p ¼ 5.0 3 10 À4 ) to be associated with breast cancer compared to PTEN MUT /SDH WT individuals without breast cancer (Figure 2A ). Additionally, decreased fumarate (p ¼ 1.8 3 10 À2 ) was correlated with the presence of ASD/DD. Finally, increased isocitrate (p ¼ 1.0 3 10 À3 ) but decreased malate (p ¼ 1.4 3 10 À3 ) were both correlated with the presence of macrocephaly. Within the subset of individuals with SDHx variants (PTEN WT /SDH MUT ), we observed increased isocitrate (p ¼ 1.9 3 10 À2 ) but decreased malate (p ¼ 1.6 3 10 À2 ) to be associated with a cancer diagnosis, compared to individuals with the same genotype but without cancer. Additionally, reduced levels of succinate (p ¼ 3.2 3 10 À2 ) were specifically associated with the presence of a thyroid cancer diagnosis compared to PTEN WT /SDH MUT cases without thyroid cancer ( Figure 2B) .
The third subset of analyses focuses only on PTEN and SDHx WT CS/CS-like and BRRS cases (PTEN WT /SDH WT ). Intriguingly, although we did not observe notable associations, except for increased lactate, in this WT subset of individuals compared to controls ( Figure 1F ), multiple associations were observed when specific phenotypic features were taken into consideration ( Figure 2C ). These metabolite differences appear to be purely associated with phenotypic features in PTEN WT /SDH WT CS, CS-like syndrome, or BRRS individuals. Increased citrate (p ¼ 1.9 3 10 À2 ) and succinate (p ¼ 3.6 3 10 À2 ) but decreased isocitrate (p ¼ 3.9 3 10 À2 ) and malate (p ¼ 9.4 3 10 À3 ) were associated with the presence of cancer (any malignancy) in WT CS, CS-like syndrome, or BRRS cases compared to WT cases without cancer. Second, decreased malate (p ¼ 1.2 3 10 À2 ) was specifically associated with the presence of a thyroid cancer diagnosis in PTEN WT /SDH WT CS, CS-like syndrome, or BRRS individuals. Interestingly, increased citrate (p ¼ 3.9 3 10 À2 ) and fumarate (p ¼ 3.5 3 10 À2 ) but reduced malate (p ¼ 3.6 3 10 À3 ) correlated with the presence of SMNs in Figure 2 . Altered TCA Cycle Metabolites Correlate with Distinct Genotype-Phenotype Combinations Heatmaps depicting stratified analyses to determine associations among distinct metabolites and specific phenotypic features within the PTEN MUT /SDH WT (A), PTEN WT /SDH MUT (B), and PTEN WT /SDH WT (C) groups, compared to cases who have identical genotypes, respectively, but who do not have the phenotype of interest. A general logistic regression model was applied with age and gender as covariates. Heatmaps depict TCA cycle metabolites (top label) and significance of associations relative to various phenotypic or genotypic group comparisons (left label). Blue color corresponds to an association with decreased metabolite levels, whereas orange color corresponds to an association with increased metabolite levels. Color intensity corresponds to different thresholds of p value significance (scale on the right). Dark gray (no data) fields indicate the absence of cases fulfilling the corresponding genotype/phenotype combinations.
these PTEN WT /SDH WT CS, CS-like syndrome, or BRRS cases compared to CS, CS-like syndrome, or BRRS cases with the same genotype but without SMNs. Finally, increased lactate (p ¼ 1.1 3 10 À2 ) but decreased fumarate (p ¼ 4.5 3 10 À3 ) were associated with the presence of macrocephaly in PTEN WT /SDH WT CS, CS-like syndrome, or BRRS individuals. Overall, these stratified analyses corroborate the impact of genotype-phenotype interactions on the identity and levels of altered TCA metabolites in CS/CSlike and BRRS individuals.
We next sought to explore whether metabolic differences exist among individuals belonging to the two predominant phenotypic features, neurodevelopmental disorders and cancer (Table 1) . Indeed, decreased fumarate (p ¼ 1.9 3 10 À2 ) was associated with the presence of ASD/ DD compared to those with any cancer (Figure 3 ). This observation remains consistent (decreased fumarate, p ¼ 3.2 3 10 À2 ) if we consider the subset of individuals with germline PTEN mutations (PTEN MUT /SDH WT ) for both phenotypes. Interestingly, in addition to an association with decreased fumarate (p ¼ 4.3 3 10 À2 ), we also observed decreased succinate (p ¼ 3.9 3 10 À2 ) but increased isocitrate (p ¼ 4.0 3 10 À2 ) to be associated with the presence of ASD/DD compared to the presence of a thyroid cancer diagnosis. These observations indicate that particular TCA metabolites, consistently fumarate, may be pertinent to distinguish individuals with neurodevelopmental disorders compared to those with cancer.
Since the majority of our accrued cases with syndromic ASD/DD (96.4%) harbored germline PTEN mutations, it became prudent to evaluate whether TCA metabolite levels are also altered in individuals with idiopathic neurodevelopmental disease. We hence evaluated TCA metabolite levels in an independent series of cases enriched for idiopathic ASD, with or without macrocephaly ( Table 2 ). This series also included 89 healthy individuals consisting of unaffected members of the probands' families. To investigate whether metabolic changes are PTEN-genotype-dependent, we also included an independent series of individuals with ASD who harbor germline PTEN mutations. If TCA cycle metabolite alterations are dependent on the PTEN genotype, then we would expect distinct metabolite profiles between individuals with ASD who have germline PTEN mutations and those with ASD who are WT for PTEN. Regardless of genotype or head circumference, increased lactate (p ¼ 5.6 3 10 À4 ) but decreased isocitrate (p ¼ 3.6 3 10 À2 ) and succinate (p ¼ 6.6 3 10 À3 ) were associated with the presence of ASD compared to non-ASD controls ( Figure 4A ). These observations remained consistent among various subsets of individuals (with or without macrocephaly and with or without germline PTEN mutations); these results suggest that the metabolic alterations within the TCA cycle are ASD state dependent but PTEN status independent. Interestingly, increased isocitrate (p ¼ 4.2 3 10 À2 ) but decreased citrate (p ¼ 4.9 3 10 À2 ) and succinate (p ¼ 2.1 3 10 À2 ) were associated with the presence of macrocephaly (without ASD), and isocitrate showed a correlation in the opposite direction to what we had observed for individuals with ASD (decreased levels), including those with macrocephaly (macro-ASD). Notably, elevated lactate levels were consistently associated with ASD (p ¼ 2.0 3 10 À5 ) compared to non-ASD controls ( Figure 4B ). Additionally, family-based analyses corroborated the correlation of elevated lactate with ASD relative to non-ASD members within the same family ( Figure S2 ). Overall, this association was consistent in 23 out of 39 (59%) families with ASD (8/18 [44.4%] with idiopathic normo-ASD, 8/11 [72.7%] with idiopathic macro-ASD, and 9/13 [69.2%] with PTEN MUT macro-ASD).
Overall, we found multiple associations between TCA metabolite profiles and genotypic and phenotypic features within CS/CS-like and BRRS individuals. TCA metabolite measurements were obtained from blood-derived lymphoblastoid cell lines (LBLs). While LBL interrogation to represent the germline is well accepted in the heredity field, it is tempting to speculate whether such metabolite alterations are also consistent in an affected tissue-specific manner. However, presuming identical effects within affected tissues and/or global effects on the whole organism may be a simplistic view for a complex process that warrants further investigation. Indeed, systematic studies investigating concordance of metabolite levels between affected tissues (e.g., breast cancer) and a surrogate source (e.g., blood, urine) are lacking. Additionally, we note that the opposite risk direction of age being younger age for neurodevelopmental features (p ¼ 9.4 3 10 À13 ) versus older age for cancer (p ¼ 1.4 3 10 À11 ) is due to the inherent nature of our cohort, which includes individuals presenting with A general logistic regression model was applied to evaluate the association of metabolite levels in neurodevelopmental disorders (ASD/DD) versus cancer, with age, gender, and genotype as covariates. Heatmap depicts TCA cycle metabolites (top label) and significance of associations relative to various phenotypic and/or genotypic group comparisons (left label). Blue color corresponds to an association with decreased metabolite levels, whereas orange color corresponds to an association with increased metabolite levels. Color intensity corresponds to different thresholds of p value significance (scale on the right). ASD/DD or BRRS at a younger age (median age at consent 7 years, range 1-62) than that of individuals presenting with a cancer phenotype (median age at consent 52 years, range 3-89). Interestingly, we have shown particular individual TCA metabolites to be implicated in tumorigenic phenotypes. For example, within the PTEN MUT /SDH WT subset of individuals, we found increased levels of isocitrate (p ¼ 1.2 3 10 À3 ) but reduced citrate (p ¼ 5.0 3 10 À4 ) to be associated with breast cancer, compared to PTEN MUT /SDH WT individuals without breast cancer. In the TCA cycle, citrate is converted to isocitrate via cis-aconitate through the Fe-S cluster enzyme aconitase or aconitate hydratase. 20 While aconitase activity is inhibited, leading to citrate accumulation in normal prostate epithelium, 21 catalytic activity is restored in prostate cancer. 22, 23 Importantly, this metabolic shift toward decreased citrate is a useful marker for distinguishing normal from transformed prostate epithelia. Additionally, aconitase expression was found to be an independent prognostic factor in gastric cancer. 24 Interestingly, aconitase inhibition has been observed in fumarate hydratase (FH) deficient cancer cells due to elevated fumarate, 25 where FH is another TCA enzyme catalyzing fumarate to malate conversion. Whether perturbations in individual TCA metabolites will have a global impact on the TCA cycle and ATP production is a hypothesis warranting further investigation.
Intriguingly, TCA metabolite alterations were also observed in individuals with idiopathic ASD, suggesting that the TCA cycle may be a common pathway impacted in syndromic and sporadic neurodevelopmental disorders. We found elevated lactate to be consistently associated with ASD/DD compared to population controls and/or related family members who do not have ASD. Indeed, dysregulation of mitochondrial metabolism has been previously reported in ASD. Several studies have shown elevated levels of lactate or increased lactate/pyruvate ratio in children with autism. [26] [27] [28] [29] [30] Additionally, in vivo magnetic resonance spectroscopic imaging demonstrated elevated lactate in the brains of individuals with ASD, 31 as was observed in lymphoblastoid cell lines derived from individuals with ASD/DD in this study. Some studies speculate that ASD with mitochondrial dysfunction represents a distinct subgroup of individuals with frank mitochondrial disease. 32 Certainly, longitudinal studies will be important to evaluate dynamic levels of lactate in individuals with ASD and correlations with the natural history of the disease. Importantly, the contribution of PTEN dysfunction to metabolic reprogramming and increased lactate production (i.e., Warburg effect) have been extensively studied in the context of carcinogenesis. 33 Although we observed elevated lactate levels to be associated with ASD regardless of the PTEN genotype, we speculate that individuals with germline PTEN mutations may have elevated levels of lactate at baseline, potentially resulting in intrinsic ''adaptation'' to these levels. However, another possibility is variable tissue-specific levels of lactate that could influence organ-specific manifestations in individuals with germline PTEN mutations.
Finally, an outstanding clinical challenge is the ability to predict among germline PTEN mutation carriers, who will develop neurodevelopmental disorders chief of which is ASD versus cancer. 34 While studies have shown distinct PTEN protein structural and functional characteristics of germline PTEN mutations in those with ASD versus those with cancer, [35] [36] [37] [38] [39] [40] absolute PTEN genotype-phenotype correlations are lacking and downstream clinical phenotypes difficult to predict in humans. 34 Here, we show that decreased fumarate is associated with ASD/DD versus cancer. In the TCA cycle, fumarate is formed from succinate oxidation by succinate dehydrogenase. Fumarate is then converted to malate by FH. Intriguingly, germline heterozygous mutations in FH (MIM: 136850) cause the neoplasia predisposition syndrome hereditary leiomyomatosis and renal cell cancer (HLRCC [MIM: 150800]), resulting in pro-tumorigenic fumarate accumulation. 41 Indeed, TCA cycle intermediates, traditionally linked to oxidative phosphorylation, are now clearly shown to act in signal transduction as well. Excessive accumulation of succinate or fumarate have been shown to suppress the homologous recombination (HR) DNA-repair pathway required for the resolution of DNA double-strand breaks and for maintenance of genomic integrity. 17 The role of fumarate in neurodevelopmental disorders is less understood. However, fumarate is involved in the metabolism of glutamate, an excitatory neurotransmitter. Abnormalities in excitatory and inhibitory synaptic signaling have been implicated in the pathobiology of ASD. 42 Recently, alterations in gut glutamate metabolism have been shown to be associated with gut microbiome composition in children with ASD. 43 In addition to reduced fumarate, the latter study found notably decreased 2-keto-glutaramic acid and L-aspartic acid in the guts of children with ASD compared to children with typical development. It is therefore tantalizing to speculate whether fumarate may be a pertinent predictive biomarker to distinguish individuals who will develop ASD/DD versus those who will develop cancer. Overall, our data suggest that TCA cycle metabolite alterations are germane to the pathobiology of PTEN-related CS, CS-like syndrome, or BRRS and to that of genotype-independent ASD, with potential implications for risk prediction for the individual and for therapeutic metabolic correction.
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Supplemental Data can be found online at https://doi.org/10. 1016/j.ajhg.2019.09.004. Heatmap depicts associations among distinct metabolites and specific genotype/phenotype combinations compared to non-ASD healthy controls or among ASD cases (within-cases comparisons). A general logistic regression model was applied, and age and gender were covariates. Heatmap depicts TCA cycle metabolites (top label) and significance of associations relative to various phenotypic or genotypic group comparisons (left label). Blue color corresponds to an association with decreased metabolite levels, whereas orange color corresponds to an association with increased metabolite levels. Color intensity corresponds to different thresholds of p value significance (scale on the right). (B) Stratified age and gender depiction of the association of increased lactate in ASD, irrespective of genotype or macrocephaly, compared to non-ASD controls. Metabolite levels were log-transformed and center-scaled to have a mean of 0 and a standard deviation of 1. The line in the middle of each scatter plot is plotted at the mean. Error bars represent the standard deviations.
